We consider a conventional SU(2) @ U(1) gauge theory with two (or more) Higgs doublets, but with the fermion mass scale dctcrmined by the vacuum expectation values of the Higgs particles rather than determined only by widely differing Higgs couplings. Such an alternative to the standard theory cannot be excluded by current data; the Higgs-fcrmion coupling is allowed to be at least 70 times that of the standard WeinbergSalam theory. In such $ model, one has the possibility of observing large and interesting effects due to the Higgs particles in the theory. These include decays of heavy quarkonium states and Drell-Yan production of P+Q-(Q = e, p, 7). Restrictions due to charged Higgs scalar currents (in R, p and p decay and in neutrino production) take unexpected forms and are not too stringent. The best place to search for a Higgs is in K+N -+ pep-X (subsect. 3.5).
Introduction
For two reasons, we want to examine alternatives to the usual Higgs sector in otherwise conventional gauge theories of weak and electromagnetic interactions. First, if nature is described by a spontaneously broken gauge theory, it is the physical Higgs particles and the phenomena associated with them that are the qualitatively different features which need to be confirmed by experiments [l-3] . The Higgs bosons are fundamental scalar particles in the lagrangian of the theory, and give scalar currents. Unfortunately, in the standard theory with one Higgs doublet and one (neutral) physical Higgs boson both the particle and any phenomena associated with its interactions are likely to be almost unobservable. The problem is that its coupling to fermions is proportional to their mass (mf). Consequently, the Higgs contribution to low-energy observables is typically suppressed by powers of mf/mw. Similiarly, its production cross sections [2] are very small, suppressed by similar factors in most processes. If produced, it decays into the heaviest available fermions 11.6. Haber et al. / Fermion mass scale (e.g., r+r-, CC or bb) which themselves have multibody decays, so the pf/_-mode which could give a mass peak has a tiny branching ratio. If the Higgs is sufficiently light, detecting [4] its presence via the decay of a heavy quarkonium vector boson, V -+ yH, is the only place where some optimism seems warranted. If the Higgs is very heavy, it could only be seen through its effects on interactions. It could indeed lead to large weak interaction effects at high energies [5, 6] , but these would be screened off from experimental observation [5, 7] by the small coupling to fermions.
A minor generalization of the Higgs sector to two doublets, which we will consider, can change the entire situation. Then it is possible to have much larger effects of Higgs bosons on low-energy interactions and on high-energy weak interactions, larger production cross sections, and significant widths for decay into p'/..-. If nature were similar to such a generalization it would be relatively easy to observe Higgs bosons, their effects, or both.
A second reason to consider an alternative Higgs sector stems from the recent successes of the standard SU(2) @ U(1) theory. From charged and neutral current phenomenology there is extensive confirmation of the predictions of the standard theory and most alternative suggestions have been excluded [8, 9] . The situation concerning parity violation in the electron-nucleon interaction is still confused experimentally but the observed asymmetry [lo] in polarized electron-nucleon scattering is in agreement with the standard theory. Hopefully, the experiments in atomic hydrogen and deuterium [ 1 l] will soon clarify the situation. Although extensive factorization tests [ 121 have yet to be performed, so far data is consistent with one Z" and no right-handed charged currents, and in detail with the standard theory. The evidence suggests that only Higgs doublets occur, since the ratio of neutral to charged current coupling (m&/m; cos20w) is unity for a theory with only Higgs doublets [ 131 and is observed [8] to be 0.98 + 0.05. Thus, apart from the possibility of several Higgs doublets, the existing data constrain any theory to be essentially equivalent to the simple standard theory in the aspects accessbile to present day experiments.
There have been many alternative Higgs sectors proposed. Usually these have a sector equivalent to the standard theory and differ in largely unobservable ways. We want to consider a variation which is qualitatively different from most others with a large number of observable effects and consequently easy to exclude experimentally. If it can be excluded it will strengthen the interpretation that the standard theory with one Higgs doublet is basically correct.
The approach we take can be summarized as follows. If there are two Higgs doublets then two different vacuum expectation values are available to give masses to the vector bosons and fermions. Our basic assumption is that the very different mass scales of the fermions and of the vector bosons are set by different Higgs vacuum expectation values. Then the theory has a (dimensionless) parameter P= V/V>
(1)
where u is the small vacuum expectation value which gives mass to the fermions, and I/ is the large vacuum expectation value which sets the mass scale for the vector bosons. The coupling to fermions is then gf = gmfl3mw .
Note that if 0 can be of order mfJmw, we can have gf zg and many large effects can occur. We have looked in detail to see how experiment restricts the Higgs-fermion couplings. While there are restrictions (e.g., fl is unlikely to be less than 0.015) there is still room for Higgs effects which are substantially larger than in the standard model without being inconsistent with experiment at present. Numerous tests will be available.
There are five physical Higgs particles in this model. One, denoted by @, has properties similar to the conventional neutral Higgs boson of the one-doublet case and leads to no new phenomena. Two others are neutral, and two charged, as summarized below (gr as is defined in eq. (2) 
The W' mass in the model is of order gV and the heavy Higgs (H) masses are of order fiV, where h is a typical coefficient in the Higgs potential; X is unknown but could be of order g*. The light Higgs (ho) has mass of order p\rxV so its mass could be small compared to the heavy Higgs mass if (3 << 1. The interactions of ho could contribute to low energy observables (see below). The presence of Ho (and H') could lead to large, observable weak interaction effects at very high energies since it has large coupling to fermions if /I << 1 [7] . Since the Higgs masses depend on the coefficients in the Higgs potential they are not determined, but the light-heavy distinction will be maintained unless the coefficients vary widely. 
with similar expressions for the interactions of other quark doublets. This is the model we use to motivate our detailed considerations. Variations are possible, however, with more vacuum expectation values and thus more p's and consequently independent couplings for different fermions. To allow for this possibility in future work, and to make our phenomenological analyses as useful as possible to others, we will analyze experiments in terms of the following parameterization:
where eq = 0 for charge -3 quarks q' and eq = 1 for charge $ quarks q, and g2/8m& = 4Gr;. We will report results in terms of &, /&, &,,. Note that by setting all 0's and (Y'S equal, we regain the original model (eq. (6)). We will usually have eq. (6) in mind; however, it will be useful to see whether experiment can tell us whether, for example, /3, = 0,. Details of the two-Higgs model are given in appendices A and B.
We would like to make a number of remarks about the two-Higgs model. In its most general form, one may have CP violation [ 141 and flavor-changing neutral currents [ 151. We have decided not to study these features in this paper: thus for simplicity we chose a CP-invariant model with no flavor-changing neutral currents. The results of this paper should not depend on this choice. Even with the above simplification, the model still has several undetermined parameters (the coefficients of the Higgs potential, hi, remain free parameters). This leads to totally arbitrary Higgs masses as in the standard model. In addition, we impose a simple discrete symmetry on the Higgs sector. Then we find one Higgs mass much lighter than the others if all the hi are of the same order and /_I << 1. In order to simplify the phenomenology we have considered the following ansatz: Xi = g2 (for all i, where g is the gauge coupling). This leads (see appendix B) to the following expressions for the Higgs masses: 
Regard these as suggestive only. Note in particular that for /I << 1, ho can be substantially lighter than all the other Higgs particles in the theory. It is interesting to note that the quark masses appear explicitly, as effective couplings, in the Higgs-fermion Yukawa couplings. Consequently, it is necessary to determine what value to give to mq when hadronic interactions are considered [ 161. In processes such as deep inelastic scattering or annihilation via heavy Higgs, the renormalization-group methods suggests [ 171 that we use running masses evaluated at the appropriate large momentum of the process. That would imply that we should use current algebra masses such as those obtained in ref. [ 161. This conclusion can be extended to other processes which admit a parton model description [ 181. For example, in Drell-Yan production of dimuons, if we integrate over the transverse momentum of the massive photon, renormalization-group methods can be applied; the relevant large momentum here is the mass of the virtual photon. Again, one would conclude that in Drell-Yan production of dimuons by a Higgs boson, current algebra masses would be the appropriate ones to use in the Higgs-fermion coupling. The situation is much less clear in Higgs contributions to low-energy phenomena. For example, consider the charged Higgs contribution to b-decay. We will see in sect. 4 that this Higgs contribution to the scalar and pseudoscalar coupling is proportional to m, f md, respectively. This is a low-energy process in that p-decay (e.g., neutron decay) is characterized by a mass scale equal to the neutron-proton mass difference. Hence, it would seem more appropriate to use constituent masses for the quarks. However, without a model calculation this last statement is at best an order of magnitude guess. We would like to point to a calculation done in ref.
[ 193 where the authors attempt to calculate the neutral Higgs-nucleon coupling. Their result is that the Higgs-nucleon coupling (in low-energy transitions involving u and d quarks) is proportional to a mass substantially larger than the current quark mass (though probably less than a constituent quark mass). We conclude that for phenomenological purposes, we can treat mq as a current algebra mass for processes invol-I ving large mass scales and constituent quark mass for low-energy phenomena.
There are clearly many consequences of our viewpoint for production of Higgs particles. On the assumption that the heavy Higgs are very heavy, say mH 2 mw, they would mainly be seen in e+e-collisions or pair produced, as with W', Z. The production of ho should be considerably easier since it is lighter, perhaps in the few GeV range. The coupling of ho to electrons is still proportional to m,, hence the production of ho in e+e-would be suppressed even in the case of an enhanced fermion-Higgs coupling. In the present paper, we will not consider in any detail production mechanisms and direct observation of the Higgs particles. We will concentrate on determining the restrictions from low-energy phenomenology on the allowed ranges of & and /3~ since this can be done accurately. In a future paper we will study the production and detection questions if the numerical results still seem to deserve consideration.
The rest of the paper is organized as follows. In sect. 2, we will present the major experimental constraints on the parameters of our model. Using the Higgs masses which resemble those of eq. (8), we find that g -2 of the muon leads to a lower limit on /3. By studying 71' decay, we can obtain limits on the possible inequality 0, # &. All further experimental results presently available do not constrain the model significantly. There are many interesting tests which can be done in the near future. In sects. 3,4 we discuss ways in which to observe effects of the neutral and charged Higgs bosons. In table 1, we present in summary from the various processes which could show effects of the Higgs bosons. Finally, in sect. 5, we give our conclu- From the useful summary paper of Leveille [20] , we can read off the contributions of our Higgs particles to (g -2) of the muon. (See fig. 1 .) For ho and Ho, we have (using his eq. (11)):
where a, G i(g -2) of the p-, C, ~gm,/2&mw and At, = m$mE, and
(10)
where Cr, f C, in our model and AH E mk/rni. For the charged Higgs H', we obtain (using his eq. (10)):
Note that A is large for Higgs masses in the range which we consider. Therefore, we find that the total Higgs contribution is approximately:
Using the masses given by eq. (S), we can drop the second term above. The current experimental data and theory allow a contribution from other sources; if all of the discrepancy were taken up here l , we would have aHis@ < 2 X 10-a . P 
(which corresponds to mh Z 6 GeV/c'). Alternatively, we may obtain a limit on the product &mh. In fact, this limit will be less sensitive to the actual value of the Higgs mass since it depends only on ln Ah. Thus, if ln Ah = 10, we obtain &mh 2 0.1. It should be noted that eq. (15) is based on an arbitrary choice for the value of mh. If we leave mh as a free parameter, then one can change the limits on /3 by an order of magnitude by a corresponding change in the value of mh. Furthermore, if mh is of the same order as mH, then it is possible to have the contributions to aFig@ cancel out (see eq. (12)). In addition, if this model is generalized to include an axion (see further discussion in sect. 5) then with two Higgs and /3 << 1 it can happen that the axion mass is similar to the ho mass [21] . Since the axion is pseudoscalar, the axion and ho contributions to (g -2)P cancel, and perhaps could significantly lower the above limit. In this paper we will use eq. (15) as a guide; we will, however, keep the remarks above in mind. In particular, note that if all Higgs masses are very large (say, larger then mw) then a,, Higgs places a very mild restriction on &. For example, &, = m,/2mw = 7 X lop4 could not be ruled out. Such large Higgs masses would totally suppress any Higgs contributions to low-energy phenomenology.
If such a small & existed there could be observable effects in very high-energy reactions [5, 7] .
Turning to the electron (g -2) we use the experimental limit [5 l] aHisss < 3 X lo-10 . e (16)
The theoretical Higgs contribution for the electron gets smaller than that of the muon by roughly a factor (m,/m,)4. Since the experimental limit for the electron is only about 100 times better than that for the muon, the resulting limit for 0, is not as strong as compared with &. If we take mh > 6 GeV/c' as before, we find 0, t 4.8 X 1O-6 .
Therefore, (g -2) of the electron does not give us any useful restriction. The ('g -2), will have a large contribution from the Higgs. 
Leptonic decays of 7if and K'
In the two-Higgs model discussed in appendix B there is only one parameter p; that is, flP = 0,. One can imagine a more complicated theory in which & # p,. The results of (g -2) give us no information on this possibility. One might expect to be able to learn something new by looking at the y-e universality tests. Consider the case of 71' decay into ~_l?v or e'v. In addition to the W contribution ( fig. 2a ), one must also include the effects of the charged Higgs ( fig. 2b) . One might be able to constrain the Higgs coupling using the experimental results for r(n + ev)/E(n + p); in fact, no strong constraint arises. Recall that apart from phase space, E(rr -+ ev)/ f'(n + w) is proportional to rnz /rnE for a V, A contribution but independent of the lepton masses for a scalar contribution.
For a Higgs coupling proportional to lepton masses, it is amusing that the Higgs scalar current also gives a contribution proportional to rni, so the above ratio is unchanged in the case of 0, = &. Therefore, one can only really constrain the possibility that /I, # /3,, in such a test, such a constraint can exist only if the Higgs contribution is appreciable.
We now turn to details of the calculation. We imagine the n-meson as a bound state of quarks (ud) and perform the standard [23] non-relativistic calculation. First, let us consider the W contribution alone. One finds [24] 
where R,(O) is the value of the s-wave radial wave function at the origin. (For the decay of K+, replace cos 0~ with sin 0~ and m, with mK). If we use Jackson's [24] fit to the leptonic decay of vector mesons (in which he finds IR,(0)12 aM'.89 GeV3), we obtain results for rr and K decay that are within a factor of two of the experimental results l . Given the relativistic nature of the ud system in the pion and * One could regard the charged n decay result as coincidental. For example, if one computes no + 2-y by similar methods (analogous to the q c + 27 calculation), one obtains a result 300 times larger than the cxperimcntal data. As discussed in sect. 1, we use current algebra masses for the quarks [ 161 (m, + md = 10 MeV/c2). Then, to satisfy p-e universality, ( 
21)
If we take mH = 160 GeV/c2 (from our estimate given in eq. (8) As a final remark, one can also use the above results for analyzing the decays of other charged pseudoscalars. For example, for K' + Iz'r+, one would replace m, in the previous four equations with m K and (assuming bud = &,, = fl&) obtain slightly stronger limits on flnr,. A potentially interesting decay to study in the future is leptonit decays of the charmed Ff meson. These decays are not Cabibbo suppressed, so that eventually one might have enough events to observe them. In addition, one might have more trust in the value of R,(O) at the F mass; in that case, comparison of experiment results with the absolute rate given by eq. (19) could be useful.
Summary of results
Let us briefly review the constraints we have obtained thus far. If we accept, qualitatively, the Higgs mass spectrum suggested by eq. (8) we find from Cg -2) of the muon and from n(or K) decay that it is likely that &" = &., and /3 > 10P2. If we relax the condition on the Higgs masses by making them heavier, then clearly one can end up with no useful restrictions on /3. It may be worth keeping in mind that bizarre situations such as 0, # /3,, but /3,, = &, have not not been ruled out in the above analysis.
However, if we now proceed to look in other areas of particle physics where Higgs effects can show up, we discover two results. First, current experimental data can not put bounds on our model more restrictive than the ones we have just obtained. Second, there are a number of experiments feasible in the near future which can help put constraints on our model. We now turn to a discussion of these points.
Finding effects of the neutral Higgs bosons
In our model we have both a scalar and a pseudoscalar Higgs boson. Thus, one can have Higgs contributing to the decays of both O+ and O-mesons. Furthermore, by investigating neutral current processes, one can hopefully determine any presence of a scalar or pseudoscalar current. In this section we investigate some examples when one might hope to see evidence for the neutral Higgs boson.
Decay of neutral pseudoscalar mesons
The decays 7-r' -+ efep and q" + P',L-are rare; they must proceed electromagnetically in second order (see fig. 3a ). In addition, such a process may occur via the weak neutral current (Z exchange) or by exchange of a pseudoscalar Higgs particle Ho (see figs. 3b, c). If the decay rate P + yy (P = pseudoscalar meson) is known experimentally, the imaginary part of the QED amplitude for P + V+lZ-can be deternined using unitarity [25] , hence a lower bound for r(P + Q'a-)/r(P -+ 77) can be rigorously obtained. Unfortunately, the real part of the QED amplitude is model dependent and usually depends on an unknown parameter. For "reasonable" values of that parameter one usually finds that the real part of the QED amplitude is approximately equal to the imaginary part. However, the experimental results for no -+ e+e-and /.I+P- [26] are typically a factor of five (with large errors) above the unitarity bound. Therefore there is room for other contributions.
This alone would not constitute a proof of the existence of Higgs exchange, although it could provide some interesting limits on the Higgs-fermion coupling. We now present our calculation. For completeness we record the unitarity bound [25] for P + Jz+Q-:
where M IS the mass of P. To calculate the Z and Ho contributions, we again use nonrelativistic quark model techniques. The result:
where C-3Ginzi (1 -4milM2)'/2/4n2 and gA, gA' = -fiTa for an incoming (outgoing) fermion of weak isospin T3. Eq. (23) holds for eachin P; one must then correctly put in the appropriate SU(3) wave function of P.
Let us consider the following decays: no + e+e-, n, v', and qC + ,u+/..-, and nb + T+T-where ~~(77~) is the O-+ cc(bb) ground state. To be definite, we identify x(2.83) with n, and choose the nb mass to be 9 GeV/c2. We now substitute the appropriate numbers into eq. (23). For definiteness, let us choose Pa = & = 0.015 and mH = 160 GeV/c': we immediately discover that the Z contribution dominates the Higgs contribution for the light pseudoscalar decays. This is due to the small size of the quark mass and the large value we use for the Higgs mass. Even if we stretched our parameters to the limit by using, for example, & = mf/2mw
and mH = 16 GeV/c2, we would not obtain an observable Higgs contribution for the light pseudoscalar decays. In the latter case, the Higgs contribution would indeed dominate the Z contribution but would still be at least an order of magnitude (or more) smaller than the unitarity limit given by eq. (22).
For the heavier pseudoscalars, (nc, nb), a rate at the level of the unitarity limit is experimentally unobservable. One needs a decay many orders of magnitude larger in order that the Higgs contribution be detectable. If we choose & = /3* = 0.015 and mH = 160 GeV/c', we find that the Higgs contribution is too small to be seen. However, consider witat happens if mH is much lighter than we have imagined. For example, in the case of 7)b decay, choose mb = 4.5 GeV/c2, fl= 0.015 and mH = 16 GeV/c2. One then finds that the Higgs contributions F(nb + r+r-) 5 130 keV. This is a reasonable rate to see a signal assuming one could be sure one was producing an nb(e.g., e+e-+ r + qby -+ r+r-y which would be identified by searching for e'p(lr y events). Note that even with such a light Ho, the q7c + p'+p-decay would be unobservable. In order that the Ho contribution be appreciable for the n, decay, one would need substantially smaller values for /3.
Decay of neutral scalar mesons
The best understood scalar meson is the x(341.5), the O++ state in charmonium.
Perhaps in the next few years the analogous state in the bb system (which we denote by xi.,) will also be well studied. This meson has the quantum numbers of the light Higgs meson h" in our model and therefore could be an ideal place to search for Higgs effects. In fact, weak and electromagnetic decays into R+Q-are forbidden in the decay of scalar mesons due to the conserved vector current. Hence, observation of a Q'Q-decay of a scalar meson could be proof of a scalar current in general and a Higgs meson in particular.
Consider 
where M is the mass of the x and R;(O) is the derivative of the radial p-state wave function at the origin. Note that we have allowed for the fact that mh might be Close to M (Using eq. (8) mh > 6 GeV/c2) by inserting a Breit-Wigner denominator. In order to see how large this can be, let us normalize the width to [24] r(X + gg) = 96a;lR;(0)12/M4 = l-3 MeV for cc and bb systems. (In these analyses, (Y, = 0.19 for CC and cr, = 0.15 for bb). We then find
First, let us examine the unlikely but amusing situation that M is very close to the Higgs mass. For example, a Higgs mass of 10 GeV/c2 could be very close to the mass of the Xb. We then use eq. (25) and consider the decay Xb + r+r-. Since h couples to fermions with coupling proportional to the fermion mass, we approximate Et, = r(h + cc) + E(h + r+r-) (remember that we have in mind that mh = mxb which is below bb threshold). Then we find
Thus, we find Et,/??+, = 6 X 10-6/f12.
If lmh -MI <mhrh, then one would expect mixing between the &, and the Higgs boson. Even in the more likely case that lmh -MI >> mhrh, there could be a reasonable chance for an observable signal. The reason is that the signal is very clean from background if one looks for the rfr-decay. One would sit on the r' and watch the decay T' + yxb + yr+r-which would be identified by ye'p events where the y is monochromatic.
As a numerical example, consider the case where fl= 0.0 15 and mh = 6 GeV/c2. We then find that r(Xb + r+r-) = 1 MeV which would be quite an observable width. If on the other hand fl= 1, we would need a much more fortuitous circumstance of mh being very near the mass of the Xb in order that the Xb + r+r-decay be observable.
Second, let us examine the Higgs contribution to x(341 5) decay. Using the same numbers as before (p = 0.015 and mh = 6 GeV/c2) we find that I'(x + p+p-) = 0.02 keV. Note in particular the factor of flp4 enhancement in eq. (25) without which this reaction would be unobservable. Perhaps one could put useful limits on @zh with a high-statistics study of JI' decays.
Decay of neutral vector mesons
For completeness, we mention a process proposed by Wilczek [4] : production of ho (or Ho) by decay of a neutral vector mesonstate: V" -+ H'y. Even in the Weinberg-Salam model, there is a chance this decay will be observed if the Higgs mass is light enough. If p # 1, then this method becomes an excellent one for producing the Higgs. For a scalar or pseudoscalar Higgs, the result is the same:
for a meson V of mass M. If mu is close to the mass of V, then eq. (27) may be an overestimation [27] . However, by studying the bb system, one still expects very strong constraints on fib if mh < 9.4 GeV/c*. If mh = 6 GeV the ratio is -3 x lo-a& The x(2830) could conceivably be a Higgs [4] instead of an nC. For this to be the case there must be large couplings to the Higgs so F($ + hy) will be large. 
so BR(h + yy) = 0.14 X 10v3. Then BR(II/ + yh) BR(h + yy) = 6 X 10e6 in our model. This is more than an order of magnitude smaller than the reported rate (1.3 f 1 0v4, which implies that even in our model with enhanced Higgs-fermion couplings it is not possible to interpret x(2.83) as a Higgs boson. The only way to get around these estimates would be to increase F(x + h'y) by having 0, < /3,, by an order of magnitude, which seems very unlikely for the rele-vant quarks which are s and heavier ones. For completeness, one should remark that to check experimentally on whether x(2.8) were a Higgs one would want to find its decays in the ratios of f'(h + strange particles)/r(h + p+p-)/r(h + yy) to be about 7/1/l OK3, with some phase-space suppression of the 7/ 1.
For T instead of G, the rate for T -+ boy is changed by a factor M*(T) -M*(h), and the yy branching ratio by a factor M*(h). If M(h) = 9 GeV, for example, the increase in the product of branching ratios is at least factor of 70, if all p's are the same. In this situation the main decays of h would be CC and r+r-.
Neutral Higgs ejyects in e+ e-+ pfp
Experimenters hope to detect the presence of (s-channel) Z" exchange in efe-+ u+,Y by detecting a cos 6' term in the angular distribution of the outgoing muons [28] . This is not a parity violation; all one needs is an interference of two definite spin-parity exchanges to get a cos 19 terms. (The cos B term due to Z exchange is due to the interference of l+ and 1 -partial waves; such a term is also present in electromagnetic corrections to one photon exchange.) Therefore, one also expects a cos 0 term due to the presence of neutral Higgs exchange. Consider the calculation of e+e-+ 1_1+p-at high energy which includes effects of Z" and ho exchange. Let us first examine the cos 0 term in eq. (30) . One would detect this term experimentally by measuring the asymmetry of the muon pairs. Note that for s < rn$ but s > rn; (we assume mh < mZ as suggested by eq. (8)) the Z and ho contributions come in with opposite signs. Unfortunately, for any reasonable value of 0, and &, the ho contribution is negligible for any s (except for s close to rnz ). The reason the effect is so small is because there is an extra factor of m,m, required to get 7-h' interference (one factor of m,m, is due to the Higgs-fermion coupling). That is, for massless fermions, there is no 7-h' interference independent of the form of the Higgs-fermion coupling. The reason is that interference requires amplitudes with a net helicity of zero, and for the photon contribution these vanish when the fermion masses (see appendix C) are zero.
Let us consider the case where s = rnz ('. I e., sitting on top of the Higgs resonance). The contribution of the ho term has a maximum at s = rni f rhmh. The term proportional to cos 0 is then approximately 
for s = nz: << rng. Now, if mh is above bb threshold, then ho will decay predominantly into bb pairs. In that case (32)
Otherwise, we need to use eq. (26) for rh. Note that for mh >> 2mb, we see that r&r, = 0.2 for fl= 0.015. Thus, for small enough 0, rh may be quite large. However, to be optimistic, let us use the estimate we obtained from eq. (26): r&r,, = 6 X 10-6//32. Then, the term in brackets in eq. (31) becomes 1 f (2 X 10P3/m~) where mh is in units of GeV/c2. We conclude that detection of the ho in the cos 6' term is hopeless. Note that we have assumed 0, = /3,, above; but our conclusion does not change for any reasonable values for the p's. The study of e'e-(apart from the experimental difficulties) would not be sufficient to observe the ho term.
Let us return to eq. (30) ' 1
If we assume p, = & = /I and r&h = 6 X 10P6/f12, then we obtain 1 + (2 X 10P6) for the expression in brackets in eq. (33). The situation is not much better if we consider [2] crtot(e+e-+ anything). Using the same value for rh and L'(h" + p+!_-) = Gl:mhmi/4nfi/32, we find that u(e+e-+ h + anything)/o(e+e--+ /J+P-) = 1.6 X lo-". Note that in both of these calculations, p has dropped out of the final result; hence these results are just those of the standard one-Higgs model.
If we consider a model where fi, # &, it is possible to get larger results. An example of such a situation appears in a paper by Kim and Segre [29] . Briefly, they construct a model where fl << 1 for light fermions and fl= 1 for the heavier fermions. As a result, their Higgs bosons have rather small total widths, but substantial branching ratios into electrons and muons. Clearly, in such a model observable effects could occur in e+e-+ p+p-. Again, one should study the total cross section (eq. (33) rather than the asymmetry (eq. (31)). The latter is suppressed due to the extra factor of m,m, as discussed previously. Our conclusion is that effects due to neutral Higgs mesons are unlikely to be observable in e+e-physics at energies below the production of weak vector bosons.
Higgs effects in Drell-Yan production of leptons
The production of lepton pairs in hadron-hadron collisions is thought to occur via the reaction [30] q?j + !Z+Q-by one-photon exchange. We also expect a Higgs contribution; the discussion will be similar to the one given in subsect. 3.4. How-ever, there are a number of important differences. First, the charges of the quarks are fractional; hence the Higgs contribution relative to the one-photon exchange increases by a factor of l/e:. Second, the quark mass will replace the electron mass which will increase the Higgs contribution here significantly as compared with e+e-+ p+pl-. Third, there will be a color factor of '3 multiplying the cross section.
One can now return to eq. (33) and derive results for the relative sizes of the ho and y contributions to qYj + 1_1+p-. It has been remarked in the literature [2, 31] that the scattering of u and d quarks is not promising mechanism for producing Higgs. As remarked in ref.
[31], in pp scattering, the dominant mechanism for Higgs production will be two-gluon scattering through a quark loop. Using our model, one would multiply the results of ref.
[31] by p-*, thus enhancing the production rate of Higgs. One still has to detect the Higgs once it has been produced. Although the /J+P-mode is the easiest to detect experimentally, one can also look for p'e" events which could signal rfr-production.
We would like to suggests one further possibility which could turn out to be an excellent place to look for a Higgs signal. Consider dimuon production in K+N + p+1_1-+ X or K"N + p+p-t X. It is crucial that the S quark be the only antiquark which is also a valence quark. Then, one would expect that a significant part of the cross section would be due to sS + 1_1+p-in the case of KfN and dd -+ p+p-in the case of K'N). Thus, in the case of an SU(3) symmetric sea, sS + pfpl-would account for half the dimuons. (Using a more realistic model for the sea, this ratio would be depressed by no more than a factor of two.) Consider now Higgs production in these reactions. Because the S antiquark is now valence and the mass of the strange quark is not negligible, we expect that Higgs production via sS annihilation will be as large as the production by gluons. (In fact we believe that sS annihilation actually dominates, but such a conclusion strongly depends on the quark distribution functions used.)
The above remarks are true for the standard model. If /3 << 1, then we expect an enhancement in the production of Higgs. We present here some considerations which should give the reader a rough idea on the feasibility of detecting Higgs by such a method. From eq. (33), we obtain the peak height (s = ,i): 
where eq = -5 for an s-quark and (Y = J?GFrn$ sin2(ow)/n x A. We have assumed that all B's are equal and substituted for the Higgs width I'h using the generalization of eq. (26). (Near new thresholds, rh should be modified by appropriate phase-space factors; we ignore this here.) Note that as we remarked after eq. (33) fl cancels out of the ratio p. In a real experiment, we must take the experimental resolution rexp into account and integrate over the peak using a Breit-Wigner shape. The signal one Table 2 Higgs production in ss annihilation mh(GcV/c*) 
We interpret Pexp as a measure of the Higgs signal to Drell-Yan background noise if we could ignore dd or UU annihilation which would contribute mainly to background. The reader should decrease pexp further to account for this background; this will depend of course on which beam is being used. We present the results for pexp in table 2 for a range of possible Higgs masses and 0. We have chosen rexp = 100 MeV for illustrative purposes. Note that although p is independent of /3, pexp depends on (3 through rh. We conclude that K+N + p+p-+ X is an excellent place to look for a Higgs particle of mass 5 10 GeV/c*.
Higgs effects in deep inelastic lep toproduc tion
In our model with /3, = &, one could find evidence for Higgs effects by studying breakdown of p-e univerality. As an example, we compare pp + PX with ep + eX. To do this, consider the scattering of muon and electrons off quarks. The one-pho-ton exchange cross section is
where ei is the parton charge squared, Q2 is the four-momentum transfer squared and y = 1 -El/E where R, (E ') is the initial (final) lepton energy in the lab system.
Let us compare this with the cross section due to Higgs (ho) exchange. We may write the result in the following form: (37) where x = Q2/ys and ds is the cm. energy for the Vp + RX scattering. To get an idea of how large oh can be, let us divide eq. (37) 
Energy level shifts
In atomic systems the Higgs field will produce [32] a pure Yukawa potential For P, = m&w, Fq = Ezq/mw, this gives an interesting limit for mh, mh > 4 GeV; it could provide a useful constraint on some theories. For 0, = flq = 0.015, it is not useful.
Finding effects of the charged Higgs boson
If the charged Higgs boson were light enough, it could be produced by e+e-+ H+H-. This would lead to an increase in R of i of a unit above H+H-threshold. A good discussion of methods to observe this process in the context of the two-H&s doublet model is given by Chang and Kim [36] . They suggest looking for peculiar final states (in particular four and six kaons in the final state) which could be associated with a small rise in R.
Unfortunately, if the mass estimates of eq. (8) are any guide, the H+ will be too heavy to be produced by the next generation of e+e-machines. Thus, we will have to look for indirect ways to observe effects of the charged Higgs. We have already discussed in subsect. 2.2 the effect of charged Higgs exchange on the decay of pseudoscalar mesons. If & = &, then the only hope for observing Higgs effects in a decay requires a situation where the non-relativistic quark model can be trusted (and the wave function at the origin is fairly well-known). In this section, we study other e -m,qNWeP~m~I
Another parameter l which characterizes the electron asymmetry in polarized muon decay [37] is given by g = -2c,c,l(c:
The experimental numbers [37] are n = -0.12 f 0.21 and t = 0.973 f 0.014. Note that for mH > mw, the Higgs contributions in eq. (42) and (43) It is amusing to note that the experimental value for t is more than one standard deviation away from the V-A prediction of t = 1. One should, however, include higher-order corrections (which can result in V + A pieces) before one claims observation of a Higgs effect. Note that for our model, { = 1 -2n2 so Q is a more sensitive test. Finally, note that the other Michel parameters p = 6 = $ remain unchanged because we have only left-handed neutrinos (except for terms on the order of mi/m&). Better measurements of l and 77 are probably worthwhile.
Beta decay
Again, we will follow closely the analysis of the standard textbooks [37] . For beta decay, we approximate Hen as follows: 
Since &decay is non-relativistic, we make a non-relativistic reduction on H,ff (eq. (44)); and in this limit$ysn G 0. Hence, we will see no effect ofgp. This makes the interpretation of the quark masses in eq. (45) 
where MF and MGT are the Fermi and Gamow-Teller matrix elements respectively. (For neutron D-decay, lMr.,l = 1 and 1M~r I = d3.) Note that g, is even smaller than n (defined in eq. (42)) because m, -?nd = -0.03 m,. Therefore, unless &d and very small (much smaller than fl= 0.015), the Higgs effects will be unobservable.
As an example, consider the experimental measurement of b in Fermi transitions. It is found [37] that b = -0.02 f 0.09. This allows one to obtain the limit fle$& rni > 3 X 10-s GeV2. For rnH = 160 GeV/c2, we see that pqql -m,/mw is barely ruled out. This illustrates once again that one obtains very weak limits on the Higgs couplings from both fl and p decays. It is useful to note, however, that one cannot have large charged Higgs-fermion couplings and a small H' mass at the same time.
In that case, both fl and /J decays can put some restrictions on the Higgs parameters. Furthermore, the p decay results tend to be more stringent because m, >> md --mu.
For completeness, we note that for neutron b-decay h= 1 -g; -8: g:,+.
Experimentally, one finds [37] that h = -0.091 f 0.039. In fact, this is one of the ways (although not the best) one measures gA = 0). Therefore, a measurement of h is not useful to uncover a possible (but small) presence of g,.
One can also look at polarized neutron decay and various integrated transition rates for nucleon P-decay. Using current experimental numbers, one can obtain restrictions on fle&rm~ which are somewhat better than the one obtained from the measurement of b. However, our conclusions remain the same.
Higgs effects in neu trino production
There are no Higgs contributions to neutral current processes involving neutrinos (e.g., vN + vX), because the neutrino is massless. However, there will be Higgs contributions to charged current processes. We examine one such example here.
Consider vN -+ p-X in the framework of the parton model where N is an isoscalar target. That is, we calculate the elementary scatterings uq -+ p-q' and p-q' and then integrate over the distribution of quarks and antiquarks in the proton. Here we will take into account the possibility of H+ exchange (as well as W+ exchange). We can then derive the following formula for the cross section: where uL, un and u, are the absorption cross sections for the scattering of left-handed, right-handed and scalar virtual W bosons respectively. In analogy with electroproduction, one defines R = 2u,/(uL + un t 2u,). In the naive parton model with only W exchange, R = 0. Thus, the effect of the Higgs contribution is to give a nonzero value for R. Both low-energy (threshold) effects and scaling-violation corrections to the naive parton model also give small non-zero contributions to R and at least the latter is non-negligible according to QCD predictions. If we note the identity 2(1 -JJ) = 1 + (1 -,v)~ -y2, then we obtain to be compared with the usual QCD predictions. In particular, RHiggs is negative while RQcn is positive and so a significant cancellation can occur. If mH is very large (as in eq. (8) then RHigm is negligible except possibly in the region where x -+ 0. One should note that the kinematic assumptions which underlie the parton model break down as x + 0. In addition, the term in eq. (49) or (51) which goes as x-' is multiplied by an extra product of fermion masses for similar reasons as those mentioned in subsect. 3.6 (this is a general feature of scalar-vector interference). In a deep inelastic process that current quark masses should be used. Thus, the situation here is similar to that of electroproduction; and in fact is even more hopeless if mH is very large. We conclude that Higgs effects are unobservable in VN + n-X. By studying regions of very small x at moderate energies one could perhaps put a lower bound on mH. We suspect however that given other sources for R such a bound would be very weak.
Parity violation in neutral currents due to Higgs
Marciano and Sanda [39] have shown that radiative corrections which induce parity violation in the electron-nucleon interaction turn out to be much larger than one might naively anticipate. The diagrams they studied which gave large effects were various box diagrams with two gauge bosons. With this in mind, we investigate the effect of box diagrams with two Higgs bosons. Since the neutral Higgs bosons are all parity conserving, we study the box diagram consisting of two charged Higgs (see fig. 5 ). These diagrams would contribute to parity violation in bismuth (Bi) and polarized electron-deuteron scattering (& -+ eX). We will express our results in terms of the constants Cr& Cr,, CZd and CT, defined by [40] + C2,Fy,,eiiysu
In the Weinberg-Salam theory (Z" exchange) one obtains (52)
Following the methods of ref.
[39], we find the following results for the diagrams of fig. 5 (at small Q2):
It is clear that given the limits of p-e universality in n+ decay (subsect. 2.2), the Higgs contribution to Cr, and Crd must be negligible. However, we can also regard eq. (54) as providing limits on the Higgs parameters by studying gd + eX. We note that the asymmetry in & + eX is predicted to be [41] Ad(-%y)"(Clu
For they value measured by the SLAC parity violation experiment [40] , the second term in eq. (55) is negligible. Hence, the asymmetry is proportional to C,, -iCld. If we regard the result of the SLAC experiment as confirming the Weinberg-Salam model, then any contribution to Cr, and Cl* other than Z exchange must be small. Thus, C~~ggs -icy?@ = -1.5 C'rp@ (where C'ypgs > 0; see eq. (54)) must be small compared to the WS prediction. The above conclusion is useful when we consider parity violation in heavy atoms. Suppose we wish to "explain" the null result [42] 
Since CyAggs > 0, one sees the possibility of reducing parity violation in Bi. Unfortunately, if we use the restriction on C:ygs obtained from & + eX, we conclude that the exchange of charged Higgs cannot be responsible for the null results in Bi.
We cannot resist mentioning one further amusing point. Suppose there were a contribution for which Cr, -m,, Cld -md. Then for the e% + eX experiment, which measures Cr, -iCrd we get a contribution proportional to rnyl, -lrn,, which is essentially zero for current quark masses; such a contribution would automatically not affect the SLAC experiment. Conversely, for the Bi experiment, we would obtain Cr, + 1 .15 Crd = -0.22 + k( m, t 1 .15 11~~) which could reduce the Bi prediction.
A neutral Higgs box in a CP-violating theory would couple proportional to rni or m2 d, essentially satisfying these conditions.
If the situation with parity violation in eN interactions clears up soon and is in accord with the standard theory, as most people expect, then the above remarks in this section are at best of pedagogical interest. If the situation should remain puzzling, they may help provide clues to what is happening.
Finally, let us note that Higgs box diagrams could contribute in other processes (e.g., VPe scattering and e+e-+ v+p-). The arguments in this section suggest that such effects will be small.
Ki -IV: mass difference and ,flavor-changing neutral currents
For completeness, we note that one should always make sure that a given model of weak interactions does not upset the standard calculations [43] of the Kt -Kg mass difference and rare K meson decay widths. In our model, one would consider box diagrams where one or more W boson is replaced by a charged Higgs boson. Grifols [44] has considered the effect of box diagrams with one Higgs boson and one W on the Kt -Kg mass difference in an SU(2)L X SU(2)n X U(1) gauge model.
He finds that for rnH = mw, the coupling of H to fermions could be as large as 30%' ofg without upsetting any low-energy weak interactions. In our notation, this would mean that 0.3&d > m,/2nzw or &d > lop2 (if we take 1~2, = 500 MeV/c2). This result is consistent with our results of sect. 2.
In general we will have flavor-changing neutral currents induced by box diagrams, and they could be comparable with the usual contributions to Kt -+ KE or K" + p+p--but not large enough to disrupt conventional views.
In a sense the contribution of scalar currents in box diagrams giving a V, A theory is related to the earlier attempts [4S] to do this in general. We conclude that the restrictions on Higgs couplings do not allow the Higgs to play the role of such scalars.
Discussion
In this paper we have studied some implications for experiments of a scheme in which Higgs-fermion couplings can be large. While fermion and vector boson masses still both arise from spontaneous symmetry breaking, we assume their widely different mass scales are set by different scales of vacuum expectation values (vev's) of Higgs bosons. We constructed one explicit model in which two different vev's are present, one (v) giving mass to fermions and one (V) to vector bosons. Then there is a small parameter /3 = u/V, and Higgs-fermion couplings are of order gtrzf/2flmw. That is the Higgs-fermion couplings are enhanced by a factor p-' over that of the standard model. If one found that or = 1rlr/2nzw for a given Higgs-fermion coupling that would correspond to a coupling equal tog. The only experiment which clearly gives a relevant constraint is (g -2) for the muon. Even this constraint is model dependent and could be relaxed in more complicated situations. One finds under certain assumptions regarding Higgs masses, that & Z 10 m,/mw. Furthermore, one has suggestions from n+ leptonic decay and comparisons of eN + eX with PN + PX that 8, << & << 1 is unlikely.
We have constructed the simplest model where there is only one parameter p for all fermions. Should it turn out that p = 1, then one should consider wrong our premise that the mass scales of fermions and vector bosons are set by different scales of vev's. It appears that /3 > 10P2; such a value might still be consistent with our premise. Already we have evidence for fermions such that m,-/nzw = 0.05. Our sense of what values 0 will take is surely not sound enough to give such an interpretation with any confidence. Further, some experiments will soon be good enough to see the effects of strongly coupled Higgs if they are present, or could already be analyzed with such a question in mind. Consequently, we have given a number of experimental tests in the text.
Indeed, it is somewhat surprising that existing experiments do not limit the Higgs coupling more. They allow the muon-Higgs coupling to be about 75 times the Weinberg-Salam value, and restrict other couplings even less, if ho is the only "light" Higgs (i.e., the only Higgs boson with mass significantly less than mw).
If it turns out that p is significantly less than 1, then we have a number of interesting phenomena which could arise from the Higgs sector. These have been discussed in the text and summarized in table 1. Here, we would like to mention two other interesting possibilities. The first concerns the problem of the axion [46] . (The axion is a pseudoscalar much lighter than the pseudoscalar Ho of our model.) The two-Higgs model we have presented here does not contain any particle which could be an axion. This is simply due to our choice of the Higgs-fermion interaction (i.e., choice ofg, = 0 in eq. (B.22) ). One could add more doublets and arrange for an axion by appropriately choosing the Higgs-fermion couplings. In the standard model of the axion, the coupling of axions to fermions is of order mf/2mw. The result of this fact is that the axion is expected to have a very light mass (probably less than an electron mass). It appears that such an axion is excluded by experiment [47] . By constructing a model where the coupling of axions to fermions is of order mf/?,flmw, however, one finds [46, 48] that the mass of the axion is proportional to /I + fl-'. The result is that axions are now heavier (with a mass in the GeV's). If this turns out to be the case, one may now turn to the tests given in sect. 3 for the detection of the axion. Furthermore, the axion will then contribute to (g ~ 2)@ and does so with a sign opposite to that of the ho contribution, perhaps significantly weakening the constraint on &.
A second interesting effect (assuming fl<< 1) could be weak interaction effects at very high energies. Should one of the heavy Higgs particles in our model have a mass of order 1 TeV/c2, then we have a possibility of a breakdown of the weak interaction perturbation [5, 6] theory. A signal for this effect might be the appearance of unusual large weak interacting effects at very high energies (at the next generation of pp and pp colliding beam machines when 4s -1 TeV). Such effects are screened off in the standard mode1 [5, 7] by a factor mf/mw, while in our model these phenomena would be larger by a factor 0-l. For possible ways of detecting them, see ref. [49] .
If nature turns out to be similar to the standard model, it will be very difficult to detect the Higgs boson, either directly or by its effects. It is important, however, to note that whereas the standard model is increasingly well confirmed in almost every aspect, the Higgs sector remains fairly unconstrained.
By studying experimental consequences of alternative Higgs sectors we may be able to point to an experiment which will find a Higgs-related effect, or eventually it may become clear that the standard theory with the simplest Higgs sector is the better alternative. where zi are the linear combination of representation matrices (eq. (AS)) corresponding to ~5,. Then the Goldstone bosons (denoted by JI,) are just those linear combination of fields @I given by ('4.8) where @I is now given by eq. (A.6) and IJ f (4) . Note that the number of independent Goldstone bosons is equal to the number of broken generators, i.e., the number of La such that z,u # 0.
Step (where we use the notation r+$ to mean the ith row of the column vector 4). Since the Goldstone bosons are already known, one may simplify the task of extracting masses and the proper linear combinations which correspond to the physical Higgs.
Step 7: Once the proper linear combinations which correspond to the physical Higgs are known, it is straightforward to take an interaction term from the original lagrangian involving 4 and work out the interactions of the physical Higgs partticles.
Appendix B

A sample model: two Higgs doublets
We will apply the methods of appendix A to the following model. Consider a model with two complexy = 1 scalar doublets:
in an SU(2) X U( 1) gauge theory. For simplicity, we will impose exact CP conservation and require the Higgs lagrangian to be invariant under the discrete symmetry where we have used mw = 80 GeV/c*. Note that by choosing X4 = he, mH+ = mHo; we denote the common mass by mH. Sometimes we will use these to guide our thinking. Finally, we are ready to obtain the coupling of the physical Higgs particles to fermions. Consider the most general coupling of Higgs to the leptons. We assume all the neutrinos are massless. Then, denoting The symmetry $t + -4, is broken by the vev of the @r; this means that unless some other symmetry prevents it there will be an induced coupling of @r -($r ) to fermions. The diagrams which induce agr \i/$@, interaction are shown in fig. 6 . The $r $a& coupling is approximately gnzi/nrw, the $+$a coupling is gmf/(3mw, and there is a factor rn,/mi from the propagator in the loop integral, so the induced strength from fig. 6a is g"rn$flM$ which is very small. For the W or Z the coupling to the fermions is g and the coupling to the Qt is gmi/mw. A factor m,/rnk comes from the integral so we finally have for fig. 6b g3mf/mw (Mf,/mk). This is small compared to gmf/mw (the smallest coupling of a Higgs to a fermion) unless g*rni X m* w. These induced couplings depend on the existence of the second Higgs because without it the fermion mass is zero and the diagrams vanish. Thus, we impose the following condition on our theory: fermions do not couple to @r. Note that such a theory will not have flavor changing neutral currents in the Higgs sector where we have assumed that Q G t3 << 1. Note that the couplings of the neutral Higgs are parity conserving as they must be in a CP-invariant theory (neutral flavor conserving scalars which violate P must also violate T). From eq. (B.24) we see that 4' and ho are O+ particles, whereas Ho is a O-particle. Furthermore, the coupling of H' is parity violating as it must be since the neutrinos are left handed. Finally, other lepton doublets will couple analogously to the electron doublet.
Since we have assumed all neutrinos are massless, there will be no mixing in the lepton sector. We now turn to the quarks. We again assume that the quarks couple only to t2. This will give mass to the charge --4 quarks. In addition, we introduce $2 = io,@; which is ay = -1 doublet. This gives mass to the charge $quarks. Proceeding in a manner analogous to the one for leptons, we obtain the most general coupling of the four quarks to d2 : -p= where we have assumed that ,!3 << 1. Note that in the limit of m, = 0 and sin Bc = 0 we obtain exactly the result of eq. (B.24) as we should.
Appendix C ff + f'f' amplitudes
It is useful to write out the helicity amplitudes for ff-f'? reactions. Then for any combination of y, Z, h contributions, one can easily find cross sections and interference terms, and examine the origin of interferences.
We give results in the c.m.s., with momenta defined as in fig. 7 , in the limit of large s. The 16 helicity amplitudes are given in table 3   Table 3 Helicity amplitudes ~___ 
